A layered ternary carbide Ti3AlC2 was synthesized by pressureless calcining process from the mixture of titanium, aluminum and graphite powders. Almost single-phase Ti3AlC2 was obtained after calcining at 1400°C for 4 h. The microstructural evolution during the formation of Ti3AlC2 was examined at the temperature from 900°C to 1400°C. Ti3AlC2 was formed through an intermediate carbide of Ti3AlC, which was seldom reported in previous literatures. Based on the results of X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS), a possible reaction mechanism was proposed to explain the formation of Ti3AlC2.
Introduction
Titanium aluminum carbide (Ti3AlC2) is one of the three ternary compounds existing in Ti-Al-C system. Ti3AlC2 has attracted increasing attention owing to their unique combinative properties of both ceramics and metals. 1)-6) Like metals it is thermally and electrically conductive, easy to be machined with conventional tools and resistant to thermal shock. Like ceramics it is light weight, elastically stiff and thermal stability, and retains its strength to high temperature. Especially, Ti3AlC2 exhibits some room-temperature compressive plasticity. 7) Due to such unusual combination of properties, Ti3AlC2 are considered potentially attractive materials for various functional and structural applications. However, Ti3AlC2 is very difficult to synthesize because of its very narrow phase range in Ti-Al-C ternary phase diagram. 8 ), 9) Since Pietzka and Schuster 8) first reported the synthesis of Ti3AlC2 by sintering cold-compacted powder mixtures of Ti, TiAl, Al4C3, and C at 1300°C in H2 (g) for 20 h, various starting materials and processes have been attempted to synthesize Ti3AlC2.
3),7),10)-16) Ti3AlC2 exists in complex ternary systems in which several quite stable binary and other ternary phases coexist. For example, the phases TiC, Al3Ti, Al2Ti, AlTi, AlTi3, Ti3AlC, Ti2AlC and Ti3AlC2 may all be found on the phase diagram. 8) Depending on the chosen raw materials and processes, some of these phases are formed as transient intermediates during the synthesis of Ti3AlC2. Ge et al. 12) fabricated Ti3AlC2 by combustion synthesis from the elemental Ti, Al and C powder mixtures. The ternary carbide of Ti3AlC2 with the small amount of impurity phase of TiC was obtained in very short reaction time. In their study, the intermediate phases of TiC and Ti2AlC were observed. Zou et al. 14) reported the fabrication of Ti3AlC2 with spark plasma sintering (SPS) from the mixture of Ti, Al and TiC. The fully dense and almost single-phase Ti3AlC2 was obtained at 1300°C for 15 min. They found the intermediate phases of TiAl, Ti3Al and Ti2AlC during the spark plasma sintering. Han et al. 15) also fabricated fully dense and pure Ti3AlC2 by hot pressing from TiCx (x = 0.6) and Al powder mixture at the temperature of 1250°C for 4 h. Only Ti2AlC was observed as the intermediate compound during the synthesis of Ti3AlC2. The maximum flexural strength (900 MPa) of their Ti3AlC2 was significantly higher than that reported in literature (300-450 MPa). Yang et al. 16) synthesized Ti3AlC2 by mechanical alloying (MA) and spark plasma sintering (SPS) from elemental powder mixture of Ti, Al and C. They successfully obtained dense and pure Ti3AlC2 at lower sintering temperature of 1050°C. In their process, the observed intermediate compound was only TiC. In these previous literatures, TiC and/or Ti2AlC have been observed as intermediate carbides during the synthesis of Ti3AlC2.
In the present study, the mixture of elemental Ti, Al and graphite was chosen as starting materials. An intermediate carbide of Ti3AlC, which was seldom reported in previous literatures, was observed during the formation of Ti3AlC2. Understanding the roll of intermediate compounds during the synthesis of Ti3AlC2 is important for its microstructural design (grain size and morphology) and synthesis of high purity Ti3AlC2. The objective of present study is to elucidate reaction mechanism of Ti3AlC2 through an intermediate carbide of Ti3AlC by examining the microstructural evolution.
Experimental procedure
Ti (< 40 μm powder size, 99% purity, Mitsuwa Chemicals Co., Ltd.), Al (< 40 μm powder size, 99% purity, Mitsuwa Chemicals Co., Ltd.) and graphite powders (< 5 μm powder size, 99% purity, Kojundo Chemical Laboratory Co., Ltd.) were used as starting materials in this study. The starting materials, with stoichiometric molar ratio of 3Ti/Al/2C, were mixed in ethanol by mechanical stirring for 1 h. After drying, cylindrical compacts: φ15 mm × 5 mm were prepared under the pressure of 20 MPa, followed by cold-isostatically pressing (CIP) at 100 MPa. Calcining was carried out in a graphite furnace under Ar-atmosphere (Model FVPHP-R-5, Fujidenpa Kogyo Co., Ltd.). The heating JCS-Japan rate was controlled at 10°C/min, and calcining temperature was selected in the range of 900 -1400°C and held for 0-20 h. Phase analysis of the pulverized sample was performed by XRD (Model RINT2200, Rigaku Co.) with Cu Kα radiation at 40 kV and 40 mA. For microstructural observation, the synthesized bodies were incorporated into epoxy resin and mechanically polished (1 μm diamond finish). The microstructure of the carbon coated samples was observed with scanning electron microscope (Model JSM6490, JEOL Ltd.), and energy-dispersive X-ray spectroscopy (Model Genesis2000, EDAX, USA).
Results and discussion
3.1 XRD results of the calcined samples Figure 1 shows the XRD patterns of samples heated at 1200-1400°C for 4 h. When the sample was heated at 1200°C for 4 h, the peaks of unreacted graphite, TiC, Ti3AlC and Ti2AlC were detected. With increasing temperature, the relative intensities of Ti3AlC and graphite decreased. When the sample was heated at 1300°C, the peaks correspond to Ti3AlC2 appeared. When the sample was heated at 1400°C, two phases of Ti3AlC2 and TiC coexisted, and the peaks of Ti2AlC, Ti3AlC and graphite disappeared.
In order to understand the effect of soaking time on the fraction of the constituent phases at 1400°C, the sample was heated at various soaking times (1, 4, 10 and 20 h). The constituent phases in the sample heated at 1400°C were Ti3AlC2, Ti2AlC and TiC. The relative intensities of these phases changed depending on the soaking time. After removing background and stripping Kα2, the contents of the constituent phases of Ti3AlC2, Ti2AlC and TiC in the sample at 1400°C can be quantitatively estimated from the integrated XRD peak intensities according to the following equation: 17) (1)
Where, Wa, Wb and Wc are the mass fraction of Ti3AlC2, Ti2AlC and TiC, respectively; Ia, Ib and Ic are the integrated diffraction intensities of the Ti3AlC2(002) peak, Ti2AlC(002) peak and TiC(111) peak, respectively. Figure 2 shows the contents of Ti3AlC2, Ti2AlC and TiC in the sample heated for different soaking time. The content of Ti2AlC was 8.8% in the sample heated at 1400°C for 1 h, and decreased to nearly 0 with increasing the soaking time. The content of TiC was 7.0% in the sample heated at 1400°C for 1 h, and decreased to 3.9% with increasing the soaking time to 4 h. With further increasing the soaking time, the content of TiC was almost the same value as that at 4 h. The maximum value (96%) for the content of Ti3AlC2 was obtained 
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after heating at 1400°C for 4 h. With further increasing the soaking time, the content of Ti3AlC2 slightly decreased. Even after calcining for 20 h, single phase of Ti3AlC2 was not obtained. This was attributed to the vaporization of Al during the heating.
Microstructural evolution during the formation of Ti3AlC2
Figure 3 shows a series of results of XRD patterns for samples heated to, and then cooled down (furnace cooling) from different temperatures. When the sample was heated to 900°C, peaks correspond to intermetallic compounds of AlTi3 and AlTi were detected. With increasing temperature to 1000°C, the relative intensity of AlTi3 increased , while the relative intensities of AlTi and graphite decreased. The peaks of Ti3AlC and TiC appeared in the sample heated at 1000°C. With further increasing the temperature to 1100°C, the relative intensities of Ti3AlC and TiC increased, and the peaks of AlTi disappeared. The main peak of Ti2AlC at about 2θ = 40° appeared at the temperature of 1100°C. With further increasing temperature to 1300°C, the relative intensities of Ti2AlC, Ti3AlC and TiC increased, while the relative intensity of AlTi3 decreased. When the temperature was increased to 1400°C, the relative intensities of Ti3AlC and graphite decreased remarkably. Ti3AlC2 was not observed in the sample even after the calcining at 1400°C for 0 min. The number of constituent phases in the immediately cooled samples (Fig. 3) was more than that observed in the sample heated at 1200-1400°C for 4 h (Fig. 1) This indicates that the immediately cooled samples did not reach equilibrium state at calcining temperatures. Figure 4 shows back-scatter electron image (BEI) of the samples heated to, and then cooled down from 900, 1200, 1300 and 1400°C, respectively. EDS dot maps for elemental Ti and Al taken at the same location as BEI are also shown in Fig. 4 . The microstructure of sample heated to 900°C consisted of grains with diameter of about 50 μm. The dark phase in BEI was unreacted graphite and incorporated epoxy resin. A distribution of graphite in the microstructure was not clear from the result of EDS dot map for elemental C, because elemental C was also 
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detected from the incorporated epoxy resin. In BEI of the sample heated to 1200°C, fine grains were observed around coarse grains (d ≈ 50 μ m). As the temperature was increased to 1300°C, larger grains were enwrapped or linked by fine grains. The structure of the product was loose and not dense, even after the calcining at the temperature of 1400°C. EDS dot maps of the sample heated at 900°C showed that the grains with d ≈ 50 μm consisted of the inner core of titanium and the outer layer comprised of Al-rich intermetallic compound. According to the XRD profile of the sample heated at 900°C (Fig. 3) , the dominant phases were AlTi and AlTi3. It is assumed that large amount of Al diffused rapidly and accumulated on the surface of Ti grain, forming Al-rich intermetallic compound (AlTi or AlTi3). When the sample was heated at 1200°C, most of the aluminum was detected at the same points as where titanium was detected in the intermetallic grains. This indicated that the diffusion of Al from the outer layer to the inner core occurred and the composition of these grains became single phase AlTi3. In the sample heated at 1300°C, Ti was also observed around the intermetallic grains, while Al localized in the intermetallic grains. When the temperature was increased to 1400°C, Al was also observed around the intermetallic grains. Figure 5 shows higher magnification photograph of the intermetallic grain in the sample heated at 1300°C. EDS dot maps for Ti and Al are also shown in Fig. 5 . It was found that grains with the diameter of about 5 μm were formed on the surface of the intermetallic grain. Finer grains with the diameter of about 1 μm, which linked together, were observed around the intermetallic grain. Considering the results of EDS dot maps, the grain marked with A, which formed on the surface of the intermetallic grain, was correspond to Ti3AlC or Ti2AlC, and the fine grain marked with B was TiC. At the temperature of 1300°C, the intermetallic grain was covered with ternary carbide grains (Ti3AlC or Ti2AlC), and fine grains of TiC were formed outside ternary carbide grains. According to the XRD results at 1200-1300°C, the relative intensities of Ti3AlC and graphite decreased with increasing the duration time from 0 min (Fig. 3) to 4 h (Fig. 1) , while the relative intensities of Ti2AlC and TiC increased with increasing the duration. These results indicated that Ti3AlC was the intermediate compound during the formation of Ti2AlC and TiC in the reaction between the intermetallic compound and graphite.
In this study, Ti3AlC2 was not formed through the direct reaction between the intermetallic compound and graphite. Pietzka and Schuster 8) reported that the stable carbides for the stoichiometric molar ratio of Ti:Al:C = 3:1:2 were Ti2AlC and TiC in the isothermal cross-section (1000°C) of the Ti-Al-C ternary phase diagram. It is assumed that Ti2AlC and TiC are intermediate compounds during the formation of Ti3AlC2. Barsoum 18) has revealed the strong relationship among the unit cells of Ti3AlC2, Ti2AlC and TiC. In Ti3AlC2, aluminum close-packed planes separate two layers of edge-shared Ti6C octahedral, while in Ti2AlC they separate one layer of edge-shared Ti6C octahedra. If none of these aluminum planes exist, the edge-shared Ti6C octahedral link together directly to form TiC. Due to this strong relationship among the unit cells of Ti3AlC2, Ti2AlC and TiC, Kisi et al. 19) suggested that direct conversion of Ti2AlC and TiC to Ti3AlC2 could occur without formation of intermediate phases. According to our XRD results at 1400°C, the relative intensity of Ti2AlC and TiC decreased with increasing the duration time from 0 min (Fig. 3) to 4 h (Fig. 1) , while the relative intensity of Ti3AlC2 increased with increasing the duration. These results indicated that Ti3AlC2 was formed through the reaction between Ti2AlC and TiC at the temperature of 1400°C. Figure 6 shows a possible reaction mechanism during the formation of Ti3AlC2. Above the melting point of aluminum (660°C), a large amount of Al diffuse rapidly and accumulate on the surface of Ti grain, forming Al-rich intermetallic compound (at 900°C). The diffusion of Al from the outer layer of Al-rich intermetallic compound to the inner core of Ti occurs and the composition of intermetallic grains becomes single phase AlTi3, which is the same Ti:Al ratio of the starting mixture (1100°C). Eustathopoulos et al. 20) reported that the contact angle between liquid aluminum and graphite was > 100° when the temperature was < 950°C, but decreased rapidly to 60° and smaller as the temperature was increased to > 1050°C. The EDS dot maps at 900°C shown in Fig. 4 also indicate that liquid aluminum wets the titanium better than graphite. At this stage, titanium-aluminum compounds were formed at the interface between the aluminum melt and the titanium particles. The layer of the TiAlx compounds will grow until their decomposition temperatures are attained (1387°C and 1460°C for TiAl3 and TiAl, respectively). 8) As the temperature is increased to 1300°C, two reactions occur in a limited region at the surface of AlTi3 grains. The product of one reaction is Ti3AlC (AlTi3 + C → Ti3AlC), while the products of the other reaction are TiC and Ti2AlC (Ti3AlC + C → TiC + Ti2AlC). As the temperature is increased to 1400°C, Ti2AlC reacts with TiC to form Ti3AlC2 (Ti2AlC + TiC → Ti3AlC2).
Reaction mechanism in the formation of Ti3AlC2
Ge et al. 12) fabricated Ti3AlC2 by combustion synthesis from the elemental Ti, Al and C (carbon black) powder mixtures, and studied the reaction mechanism of Ti3AlC2. In their study, the reactions during the synthesis for Ti3AlC2 were expressed as follows: 
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TiC + Ti -Al melt → Ti3AlC2 (10) At first, Ti powders reacted with carbon powders to form TiC particles. Then, the formed TiC dissolved into the Ti-Al melt, and Ti3AlC2 began to precipitate from the melt. The proposed mechanism in the present study is different from that of the previous study. Ti-Al melt was not observed in our calcined samples. The heating rate of the combustion synthesis (about 1000°C/s) was much higher than that in this work (10°C/min).
In the Ti-Al-C system, a lower heating rate results in a thicker TiAlx layer on Ti particle. A thicker TiAlx layer inhibits the dissolution of titanium into the aluminum melt. 21) In our samples heated with 10°C/min, almost all Al melt reacted with Ti to form intermetallic compound, and no Ti-Al melt was observed. This indicated that the reaction route during the synthesis of Ti3AlC2 is affected by heating rate.
Peng et al. 13) reported that the thermal explosive reaction between titanium and carbon was very easy to happen, and the crucibles with the elemental powders often broke into several pieces during the synthesis of Ti3AlC2 from the elemental Ti, Al and C (carbon black) powder mixture. They detected the exothermal reaction between carbon black and Ti powder at 650°C (Ti + C → TiC) by differential thermal analysis (DTA). On the other hand, our results of XRD profile in the sample heated at 900°C showed no TiC peaks. This indicated that no exothermal reaction between Ti and C occurred below the temperature of 900°C in our study. There is a difference in the starting mixtures between Peng and this work. In the present study, the graphite powder was used instead of carbon black as a starting material. Generally, the reactivity of carbon black is better than that of graphite. It was suggested that the reactivity of C source also affected the reaction route during the synthesis of Ti3AlC2.
In the present study, we proposed a possible reaction mechanism for the formation of Ti3AlC2 through an intermediate carbide of Ti3AlC. An intermediate carbide of Ti3AlC was formed from a reaction between AlTi3 and graphite and then, Ti3AlC further reacted with graphite to form Ti2AlC and TiC. Ti3AlC2 was not formed through the direct reaction between Ti3AlC and graphite. On the other hand, direct conversion of Ti2AlC and TiC to Ti3AlC2 could occur without formation of intermediate phases. 19) Hahn reported that Ti3AlC2 was formed at 1000°C for 0 min. In their process, the observed intermediate carbide was only Ti2AlC. In this study, in which an intermediate carbide of Ti3AlC was formed during the synthesis of Ti3AlC2, no peaks correspond to Ti3AlC2 was observed even after calcining at 1400°C for 0 min. This indicated that the formation of Ti3AlC lead to a complex reaction route during the synthesis of Ti3AlC2, and made formation temperature of Ti3AlC2 higher. Higher firing temperature promotes evaporation of Al during the synthesis of Ti3AlC2, and the composition shifts to off-stoichiometry. Therefore, the formation of Ti3AlC as an intermediate compound is not favorable for the synthesis of high-purity Ti3AlC2. 

Summary
The conclusions obtained are summarized as follows, (1) A layered ternary carbide Ti3AlC2 was synthesized by pressureless calcining process from mixtures of titanium, aluminum and graphite powders. Almost single-phase Ti3AlC2 was obtained after calcining at 1400°C for 4 h. Ti3AlC, which was seldom reported in previous literatures, was observed as an intermediate carbide.
(2) The microstructurral evolution during the formation of Ti3AlC2 was examined at the temperature from 900°C to 1400°C. Based on the results of X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDS), a possible mechanism was proposed. Above the melting point of aluminum, liquid Al reacts with titanium to form the intermetallic compound of AlTi3. As the temperature is increased to 1300°C, the intermetallic compound of AlTi3 reacts with graphite to form Ti3AlC and then, Ti3AlC further reacts with graphite to form Ti2AlC and TiC. As the temperature is increased to 1400°C, the final product of Ti3AlC2 forms through the reaction between Ti2AlC and TiC.
(3) During the synthesis of Ti3AlC2, the formation of Ti3AlC lead to a complex reaction route, and made formation temperature of Ti3AlC2 higher. Higher firing temperature promotes evaporation of Al during the synthesis of Ti3AlC2. Therefore, the formation of Ti3AlC as an intermediate carbide is not favorable for the synthesis of high-purity Ti3AlC2.
